The coil-globule transition was studied by static light scattering measurements on poly͑methyl methacrylate͒ with the molecular weight M w ϫ10 Ϫ6 ϭ2.35 and 4.4 in isoamyl acetate. Since the phase separation of the dilute solution occurred very slowly, the measurements could be made in the broad temperature range from near the ⌰ temperature 61°C to 0°C 30 min after a quench of the solution. The observed expansion factor ␣ 2 for the radius of gyration was represented as a function only of M 1/2 and showed a constant value at large ϪM 1/2 with being 1Ϫ⌰/T. A quantitative comparison between a recent theory for a contracted coil and the data of ␣ 2 revealed the coil-globule crossover phenomena. The behavior of plot of 1/␣ 3 versus ϪM 1/2 was distinctly different in the three ranges, i.e., coil range, globule range, and range of a constant ␣. The plot of the observed second virial coefficient A 2 against temperature yielded a minimum as predicted from a theory of A 2 below the ⌰ temperature.
I. INTRODUCTION
Since Stockmayer predicted a collapse of a single polymer chain ͓1͔, many theoretical investigations have been made on the coil-globule transition of a polymer chain ͓2-10͔. Ptitsyn et al. ͓2͔ first formulated the expansion factor ␣ below the theta temperature ⌰ by introducing the ternary interaction into the Flory equation ͓11͔ as
where is defined by 1Ϫ⌰/T, M is the molecular weight, and B f and C f are constants associated with the second and third virial coefficients for segment interactions, respectively. Recently, another type of ␣ equation was derived for a contracted chain as ͓9͔
where B and C are constants with the same meaning as B f and C f in Eq. ͑1͒, respectively. Both Eqs. ͑1͒ and ͑2͒ predict the two characteristic features for the coil-globule transition: the transition may occur continuously or discontinuously depending on the magnitudes of the ternary interaction. At the globule state the segment density in a polymer domain becomes independent of the molecular weight. Experimental studies of the coilglobule transition have been made for solutions of polystyrene ͓12-18͔ and poly͑N-isopropylacrylamide͒ ͑PNIPAM͒ ͓19-21͔. For polystyrene solutions a collapse of the chain was not found in the stable state ͓22,23͔ but was observed below the phase separation temperature at extreme conditions of low concentration or high solvent viscosity ͓14,17,24,25͔. For PNIPAM solutions a collapse of the chain has been measured near and/or below the phase separation temperature but was not analyzed relevantly ͓20,21͔. The above experimental studies are not reliable enough to reveal the globule state predicted by Eqs. ͑1͒ and ͑2͒, and the discontinuous transition has not been observed for synthetic polymers.
In a previous study ͓26͔, dilute solutions of poly͑methyl methacrylate͒ ͑PMMA͒ in the mixed solvent tert-butyl alcohol ͑TBA͒ϩwater were found to give rise to very slow phase separation and to remain transparent for a long time after a quench below the cloud point temperature. Taking advantage of this nature we made light scattering measurements for PMMA with the molecular weight M w ϭ2.38ϫ10
6 and determined the molecular weight M , radius of gyration ͗s 2 ͘, and second virial coefficient A 2 in a wide temperature range below the theta temperature ⌰. The observed expansion factor ␣ 2 ϭ͗s 2 ͘/͗s 2 ͘ 0 was compared quantitatively with Eq. ͑2͒ but only qualitatively with Eq. ͑1͒. A collapse of the PMMA chain and a crossover point between the coil and globule ranges were elucidated by Eq. ͑2͒. TBA as well as water cannot dissolve PMMA, but the mixture of these liquids obtains a strong solvent power for the polymer ͓27͔. Though the mixture TBAϩwater has been speculated to have a specific local structure or clustering of the molecules, we are not certain whether the observed slow phase separation and the collapse of the PMMA chain are attributed to the nature of the polymer or to the properties of the mixture TBAϩwater. Thus, it is important to investigate a collapse of PMMA chain in a single solvent. A comparison of the collapsed chains in the mixed solvent and a single solvent may reveal universal and specific properties of the coil-globule transition of the polymer chain.
In this study, we found out a very slow phase separation for dilute solutions of PMMA in isoamyl acetate ͑IAA͒ and carried out static light-scattering measurements below the cloud-point temperature for two PMMA samples with different molecular weights. The light-scattering measurements, which were made 30 min after a quench, yielded the correct molecular weights and reliable values of ͗s 2 ͘ in a wide temperature range from the ⌰ temperature to far below the cloud-point temperature. Based on the plots due to Eq. ͑2͒ and ␣ Ϫ3 versus ϪM 1/2 the present data of ␣ 2 in IAA were compared quantitatively with those in the mixed solvent TBAϩwater.
II. EXPERIMENT AND DATA ANALYSES
In a previous study PMMA was prepared by bulk polymerization of the monomer and separated into 16 fractions by the fractional solution method ͓26͔. For the present lightscattering measurements we employed the eighth and the thirteenth fractions from this fraction series. The eighth fraction F8 is the same one used in the previous study and the weight average molecular weight was determined to be M w ϭ2.35ϫ10
6 with IAA as a solvent. The thirteenth fraction F13 has a larger molecular weight M w ϭ4.4ϫ10
6 as expected from the fractionation method. For measurements of refractive index increment we used a low molecular weight sample with M w ϭ3.95ϫ10 4 , which was fractionated from the original PMMA prepared by bulk polymerization with 2,2-azobis͑isobutyronitrile͒ of 0.20 wt. % and n-butyl mercaptane of 1.00 vol %.
Reagent-grade IAA was washed with saturated sodium carbonate solution and with saturated sodium chloride solution. It was dried with molecular sieves 4A and fractionally distilled in a 1.8 cmϫ100 cm column packed with Raschig rings. The middle fraction at a constant boiling temperature was used for measurements.
The refractive index increment dn/dc for PMMA in IAA was determined with a differential refractometer of the Brice type at the wavelength 436 nm. Since this measurement required relatively high PMMA concentrations up to 0.015 g/ml, dn/dc was determined rather in the high temperature range from 38°C to 60°C to avoid phase separation. dn/dc obtained as a function of temperature t°C was represented by dn/dcϭ0.0863ϩ͑2.7ϫ10 Ϫ4 ͒t, ͑3͒
which agreed with values obtained in a previous study ͓28͔. Equation ͑3͒ was used to analyze light-scattering data at low temperatures down to 0°C. For the light-scattering measurements PMMA solutions were prepared at four concentrations c (g/ml) near cϫ10 4 ϭ1.2, 2.4, 3.6, and 4.8 for the sample F8 and cϫ10 4 ϭ0.9, 1.8, 2.7, and 3.6 for the sample F13. Each solution was transferred into an optical cell of 18 mm i.d., sealed with a tightly fitted teflon cap to prevent evaporation of IAA and kept in the dark near the ⌰ temperature. Optical clarification of the solutions was made with a Sartorius membrane filter ͑SM 116, 0.8 m͒.
The light-scattering measurements were carried out with unpolarized incident light at 435.8 nm of a mercury arc as described elsewhere ͓26,28͔. A cylindrical cell filled with the solvent was set at the center of the photometer and kept at a constant temperature within Ϯ0.01 K by means of a jacket to which thermostatted water was circulated. The optical cell was immersed in the cylindrical cell at a constant temperature and the scattered intensities were measured 30 min after the quench for attainment of thermal equilibrium.
The light-scattering data at an angle were transformed to the excess Rayleigh ratio R and analyzed by the usual scattering equation
and qϭ(4n/ )sin(/2), where N A is Avogadro's number, and is the wavelength of incident light in vacuum.
In Fig. 1 light-scattering data for the sample F13 at 55°C and 15°C are shown by plotting (Kc/R ) 1/2 against sin 2 (/2)ϩ1000c in the form of a Zimm plot. The plots of (Kc/R ) 1/2 versus sin 2 (/2) are represented by the straight lines with the same slope and are extrapolated to zero angle as shown by the filled circles. The drastic decrease of the slope caused by the temperature drop from 55°C to 15°C visualizes a collapse of PMMA coil. (Kc/R 0 ) 1/2 at ϭ0 is extrapolated to cϭ0 to determine the molecular weight. The plots at 15°C and 55°C have the common intercept corresponding to the correct molecular weight. The plot b at 15°C shows data for the solution of the highest concentration 90 min after the quench. This plot indicates a slight increase of scattered intensity but has the same slope as that obtained 30 min after the quench. The correct common intercept and the small parallel shift of the plot b at 90 min mean that the very slow phase separation does not disturb the determination of M and ͗s 2 ͘. of the plot a remains unchanged, while the plot b has a slightly larger slope. Again the parallel lines for the plots of angular dependence at 30 and 60 min and the intercept yielding the correct molecular weight could justify the evaluation of ͗s 2 ͘. For the solutions of the highest concentration the phase separation was observed roughly below 45°C for the sample F8 and 48°C for F13. In Figs. 1 and 2 it is noticeable that the phase separation occurs faster at 38°C than at 15°C. The same trend was also observed in a previous study ͓26͔.
The second virial coefficient A 2 estimated from the line at ϭ0 is obviously affected by the effect of the phase separation. At the highest concentration the value of (Kc/R 0 ) 1/2 at zero time could be inferred from the data at 30, 60, and 90 min. The slope of the line at ϭ0 was corrected with the value of (Kc/R 0 ) 1/2 at 0 min and used for a rough evaluation . Moreover, this ratio agrees with those determined at the ⌰ temperature in the mixture TBAϩwater ͓26͔ and in 1-chlorobutane ͓28͔. Thus, we can determine the ⌰ condition as ⌰ϭ61.0°C and ͗s 2 ͘ 0 /M ϭ6.1ϫ10
Ϫ18 cm 2 for the present system. Figure 5 gives a plot of ␣ 2 (ϭ͗s
III. COIL-GLOBULE TRANSITION BEHAVIOR
. The present data for samples F8 and F13 are given by the filled and open circles, respectively. The triangles are for the previous data for F8 in TBAϩwater ͓26͔. As expected from Eqs. ͑1͒ and ͑2͒ the present data points of the two different molecular weights give a composite curve in- Figure 6 shows the plot due to Eq. ͑2͒. Data near the ⌰ temperature, i.e., (␣ 3 Ϫ␣)/(1Ϫ␣ Ϫ3 )ϭ2/3, are not given on account of large uncertainty caused by a small error in ␣. The data points for ϪM 1/2 Ͼ300 in Fig. 5 are located horizontally near (␣ 3 Ϫ␣)/(1Ϫ␣ Ϫ3 )ϭ0.03, above which the data points for both the samples may be represented by the straight line, from which we estimated Bϭ0.0041 and Cϭ0.073. In Fig. 5 the solid line for the system of IAA is calculated by Eq. ͑2͒ with these values of B and C. The solid line for the system of TBAϩwater is described by Eq. ͑2͒ with Bϭ0.0160 and C ϭ0.044 obtained in the previous study.
In Fig. 7 the data for the systems of IAA and TBAϩwater are given by the plot of Ϫ␣ 3 M 1/2 versus ϪM 1/2 with the same symbols as in Fig. 5 . The two plots for the different systems are similar in shape but largely different in scale. The solid lines for the two systems are described by Eq. ͑2͒ with the above values of B and C. The horizontal lines at larger ϪM 1/2 indicate the asymptotic globule state due to Eq. ͑2͒, i.e., Ϫ␣ 3 M 1/2 ϭC/Bϭ17.8 for the system of IAA and 2.75 for the system of TBAϩwater. In the experimental ranges the solid lines approach the respective horizontal lines, while the data points especially for the system of IAA deviate upward before reaching the globule state. This upward deviation corresponds to the constant value of ␣ 2 indicated in Fig. 5 . In the previous study ͓26͔ we explained the upward deviation as due to the effect of the higher order interactions beyond the third virial coefficient.
The segment volume fraction in a polymer domain may be given by
where is the density of PMMA in the liquid state and may be unity for a coil state and (5/3) 3/2 for a globule state. was evaluated for the two systems by using ϭ1.20 g/ml at 25°C and ϭ1. Figure 8 shows a plot of versus Ϫ with the same symbols as in Fig. 5 . The asymptotic relation due to Eq. ͑2͒ yields ϭϪ1.23 for the system of IAA and ϭϪ8.0 for the system of TBAϩwater, which are indicated by the dotted lines. For the system of IAA, increases similarly for the two samples with increasing Ϫ for Ϫ Ͻ0.15 but behaves differently for ϪϾ0.15 contrary to the asymptotic relation ϭϪ1.23. For the system of TBAϩwater increases rapidly with increasing Ϫ and attains a high value such as 0.38, which is twice as large as the maximum value for the sample F8 in IAA. For the sample F13 in IAA the maximum of remains near 0.14. The value of will reduce to half when we employ ϭ(5/3) 3/2 . In any case the segment density in the polymer domain is not dilute in the usual sense. The effect of higher order interactions could be expected to cause a large deviation of data points from Eq. ͑2͒ for the system of TBAϩwater because of the large . Though this is not the case as shown in Fig. 7 , we estimated the effect of the higher order interactions beyond the ternary interaction on Eq. ͑2͒. and is by Eq. ͑5͒ with ϭ1. In the Sanchez theory ␣ becomes dependent on M as well as on M 1/2 through the relation ϳM Ϫ1/2 ␣ Ϫ3 . As in the case of Eq. ͑1͒ the higher order interactions may be also introduced in Eq. ͑2͒ by using CY () instead of C.
In Fig. 7 the dotted line, which agrees with the solid line for ϪM 1/2 Ͻ120, is evaluated for the sample F13 by Eqs. ͑2͒ and ͑6͒. In the flat region for large ϪM 1/2 the broken line has a very shallow minimum of about 24 around 470. For the sample F8 Eqs. ͑2͒ and ͑6͒ give a similar line with a minimum of 25 near ϪM 1/2 ϭ420. We replaced C in Eq. ͑2͒ by C͕1ϩD/(M 1/2 ␣ 3 )͖ to estimate the effect of the quaternary interaction. The modified Eq. ͑2͒ with Dϭ20 gave lines numerically close to those due to the Sanchez theory. The use of larger D yielded lines with a shallow minimum of a higher value at smaller ϪM 1/2 . Thus, the marked upward deviation of data points from Eq. ͑2͒ cannot be explained reasonably by the effect of the higher order interactions.
It is relevant to clarify whether the terms of B and C in Eq. ͑2͒ may be related quantitatively to the second virial coefficient v and the third virial coefficient w for segment interaction, respectively, or should be taken as phenomenological parameters. The straight line fit in Fig. 6 validates the functional form of Eq. ͑2͒ but cannot answer to this question. Equation ͑2͒ can be explicitly expressed with v and w by using (5/3) 3/2 (4/3)͗s 2 ͘ 3/2 for the volume occupied by a polymer chain ͓9,10͔. This formulation gives B and C in Eq. ͑2͒ as
where a is the segment size and N is the segment number per chain. The relation ͗s 2 ͘ 0 ϭa 2 N/6 and the molecular weight mϭM /N per segment transform B and C as B ϭ0.0740v/(͗s In recent light-scattering studies the ternary cluster integral ␤ 3 (ϭ3w) per monomer unit has been estimated as 4.8 ϫ10 Ϫ45 cm 6 for PMMA in acetonitrile and 4.4ϫ10 Ϫ45 cm 6 for polystyrene in cyclohexane at the ⌰ temperature ͓29͔. It is remarkable that the above values of w due to C are of the same order of magnitude as those obtained by the lightscattering measurement. For PMMA in IAA the temperature dependence of the second virial coefficient A 2 below the ⌰ temperature has been measured for low molecular weight samples ͓28,30͔. Assuming the relation A 2 ϭ(N A /2m 2 )2v ͓1͔ we obtained vϭ1.09ϫ10
Ϫ23 cm 3 per monomer unit, which is close to the above value estimated from B. The reasonable agreement between the virial coefficients due to Eq. ͑2͒ and that due to the other experiments may justify Eq. ͑2͒. Consequently, the failure of the introduction of the higher order interactions in Eq. ͑2͒ suggests another collapse mechanism for the deviation of the data points from Eq. ͑2͒
. Thus, the collapse of the PMMA chain can be considered to occur through the three stages, the coil region, globule region, and the region characterized by a constant ␣. The transition to the last state occurs abruptly as shown in Figs. 6 and 7, while the crossover point between the coil and globule regions is obscured in the smooth lines in Figs. 5-7.
According to Eq. ͑2͒ the coil-globule transition occurs continuously or discontinuously depending on the value of C. The critical conditions (d␣ Equations ͑9͒ and ͑10͒ indicate that the plot of ␣ Ϫ3 versus M 1/2 should yield a straight line, from which v and w can be estimated. In Fig. 9 ␣ Ϫ3 is plotted against ϪM 1/2 with the same symbols as in Fig. 5 . The plot for the system of IAA can be divided distinctly into three parts. As expected from Eqs. ͑9͒ and ͑10͒ the data points in the middle range are well represented by the straight line, from which we obtained vϭ3.3ϫ10
Ϫ23 cm 3 and w 1/2 /a 3 ϭ0.28. The plot for the system of TBAϩwater consists of two parts of different slope. . This was explained by the fact that the chain had a constant ␣ at a completely collapsed state and the increase of Ϫ␣ 3 N 1/2 was caused by the increase of ϪN 1/2 . In Fig. 7 the upward deviation of the data points for the system IAA cannot be attributed to this effect, because as shown in Fig. 5 PMMA chains in IAA at large ϪM 1/2 have evidently a larger size than those in TBAϩwater and are not completely collapsed. In the simulation by Tanaka et al. the upward deviation is not observed in the flat region where the segment density is expected to be extremely high.
In Fig. 4 the plot of A 2 versus temperature exhibits a pronounced minimum for the sample F8 in both the solvents. The irregular behavior of the data points for F13 in IAA may be mainly ascribed to experimental uncertainty, because the data were determined at low concentrations. Tanaka ͓33͔ considered experimental data of A 2 below the ⌰ temperature ͓12͔ and derived an equation of A 2 taking into account the ternary interaction and polymer size through Eq.
͑1͒. This theoretical calculation suggests that A 2 N 1/2 is a function only of N 1/2 and A 2 has a marked minimum at the point where the coil-globule transition occurs. According to the theory we plotted A 2 M 1/2 against ϪM 1/2 for the data of the system of IAA. However, we could not observe a well defined composite curve on account of experimental errors. In Fig. 4 , i.e., the coil range, globule range, and the range of a constant ␣. In both the coil and globule ranges ␣ is compared quantitatively with a theoretical prediction of Eq. ͑2͒, and the second and third virial coefficients for segment interaction are estimated reasonably. The plot of A 2 versus temperature yields a minimum as predicted by a theory of A 2 below the ⌰ temperature. A comparison of the present data with previous ones for the system TBAϩwater was made to reveal universal and specific properties of the collapse of PMMA chain. PMMA chain in TBAϩwater has a more compact form than in IAA but the coil-globule transitions in these solvents give the same behavior described by Eq. ͑2͒.
Usually, the reduced temperature is defined by T/⌰ Ϫ1 in analyses of chain collapse near the ⌰ temperature. The present data were also analyzed with this definition for . However, the results were essentially the same as the present ones with ϭ1Ϫ⌰/T. The very slow phase separation of dilute solutions of PMMA in IAA is interesting in view of a nucleation process ͓34͔ and under investigation.
